Bovine leukemia virus (BLV) is the causative agent of enzootic bovine leukosis, a B-cell leukemia and lymphoma ([@B1][@B2][@B3]--[@B4]) that has spread worldwide and causes serious problems for the cattle industry ([@B5]). The natural hosts of BLV are domestic cattle and water buffaloes ([@B1]), but BLV can also be experimentally transmitted to several other animal species, such as sheep ([@B6], [@B7]), goats ([@B8]), pigs ([@B9]), rats ([@B10]), rabbits ([@B11]), and chickens ([@B12]). However, BLV induces leukemia and lymphoma only in cattle and sheep ([@B1], [@B4]). Importantly, BLV has been detected in the breast epithelium of humans ([@B13][@B14][@B15]--[@B16]). In addition to the many studies showing that the BLV host range is broad, BLV can also successfully infect a variety of cells *in vitro* ([@B17]).

Like other retroviruses, the BLV genome comprises *gag*, *pro*, *pol*, and *env*, as well as regulatory genes *tax* and *rex* and accessory genes *R3* and *G4* ([@B1], [@B4]). The Gag protein encoded by *gag* plays important structural roles in the assembly of virions at the plasma membrane and in genome packaging. BLV *env* encodes precursor Pr72 envelope glycoprotein (Env), which is glycosylated in the rough endoplasmic reticulum and golgi apparatus ([@B18]) and is processed into 2 mature proteins, the surface glycoprotein (SU) subunit gp51 and the transmembrane subunit gp30 ([@B19], [@B20]). The gp51 and gp30 proteins form a stable complex through disulfide bonds ([@B20]) and are incorporated into budding viral particles ([@B21]). Gp51 contains 3 conformational epitopes (F, G, and H) in its N terminus that are recognized by neutralizing antibody ([@B4], [@B22]). The C terminus of gp51 also contains 4 linear epitopes (A, B, D, and E) ([@B23]). In addition, there is evidence that the N-terminal half of mature gp51 plays important roles in virus infectivity and syncytium formation, suggesting that it probably contains the receptor-binding domain ([@B20]). However, the actual cellular receptor for BLV infection has not been identified.

The *env* genes of BLV and its close relative human T-cell leukemia virus type 1 (HTLV-1) are highly conserved ([@B1], [@B4]). In particular, their Env proteins show 36% identity in their amino acid sequences ([@B4]). Entry of these retroviruses into target cells is initiated by interaction between Env and host cellular receptors ([@B24], [@B25]). Glucose transporter 1 (GLUT1) ([@B26]), neuropilin 1 (NRP-1) ([@B27]), and heparan sulfate proteoglycan (HSPG) ([@B28]) have been determined to be cellular receptors for HTLV-1 attachment and infection. When NRP-1, GLUT1, and the SU subunit of HTLV-1 are coexpressed in cells, concentration of HTLV-1 virions at the cell surface ([@B29]) is induced *via* interaction of HSPG with the C-terminal domain of the SU subunit of HTLV-1 ([@B30]). HSPGs also directly bind with NRP-1, which forms a complex with HTLV-1 Env to induce conformational changes in the SU subunit allowing residues D106 and Y114 of SU to bind with GLUT1 ([@B26], [@B30]). This multireceptor usage is required for HTLV-1 entry into target cells ([@B30], [@B31]).

GLUT1 is composed of 12 hydrophobic transmembrane domains, 6 extracellular loops, and 7 intracellular domains ([@B32]). Similar to GLUT1, cationic amino acid transporter 1 (CAT1)/solute carrier family 7 member 1 (SLC7A1) has 14 potential membrane-spanning domains and has been identified as a membrane receptor on mouse cells for ecotropic murine leukemia viruses (eMuLVs) ([@B33]). CAT1 is a 622-aa sequence of protein that is extremely hydrophobic and implicated in sodium-independent transport of arginine, lysine, and histidine ([@B33][@B34]--[@B35]). Two distinct motifs (YGE and HGE) in the third extracellular loop of CAT1 are known to bind with the N terminus of the eMuLV SU subunit for viral entry ([@B36], [@B37]) into mouse and rat cells ([@B38]), indicating that the third extracellular loop in CAT1 is a determinant for eMuLV infection. CAT1 of human cells does not provide susceptibility to eMuLV infection; however, expressing mouse CAT1 in human cells can result in acquired susceptibility ([@B39]). Similar to human cells, hamster cells are completely resistant to eMuLV infection ([@B38]), and CAT1 proteins from other animals are also resistant to eMuLV infection, indicating that CAT1 may provide the species specificity for eMuLV infection.

CAT1 is known to bind to BLV Env protein (Sitbon, unpublished observations); however, it is not clear whether CAT1 actually serves as a cellular receptor for BLV. In the current study, we detected CAT1 protein in various cells and its correlation with susceptibility to BLV infection. Next, using bovine CAT1 (bCAT1)/SLC7A1--expression plasmid, we investigated whether exogenous expression of CAT1 induces BLV infection in CAT1-negative, BLV-resistant cells. In addition, we determined the CAT1 and BLV particles binding and colocalizing with the Env in the cells. Furthermore, we analyzed the impacts of CAT1 knockdown on BLV cell-free and cell-to-cell infection and BLV particle binding. Finally, we clarified the species-specific susceptibility of CAT1 for BLV infection.

MATERIALS AND METHODS {#s1}
=====================

Cell culture and transfection {#s2}
-----------------------------

Human cervical HeLa cells, human embryonic kidney 293T cells, feline CC81 cells, the permanently BLV-infected fetal lamb kidney (FLK-BLV) cell line ([@B40], [@B41]), the calf kidney Tokushima-1 cell line CKT1, bovine lymphoid cell line KU1 ([@B41]), and African green monkey kidney fibroblast-like cell line COS1 were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; MilliporeSigma, Burlington, MA, USA) at 37°C with 5% CO~2~. The Chinese hamster ovary cell line CHO-K1 was cultured in Ham's F-12 Nutrient Mix (Thermo Fisher Scientific) containing 10% FBS. The pig kidney-15 (PK15) cell line was cultured in Eagle's Minimum Essential Medium (Thermo Fisher Scientific) containing 10% FBS. For transfection of the expression plasmids and small interfering RNA (siRNA), we used FuGene HD (Promega, Madison, WI, USA) and Lipofectamine RNAiMax Reagent (Thermo Fisher Scientific), according to the manufacturers' instructions.

Construction of CAT1/SLC7A1--expression plasmids {#s3}
------------------------------------------------

Total RNA was extracted from HeLa, COS1, FLK-BLV, CC81, KU1, and PK15 cells using Trizol LS Reagent (Thermo Fisher Scientific) and reverse transcribed into cDNAs using a High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). The SLC7A1 cDNA from each sample was amplified by PCR using PrimeStar GXL DNA Polymerase (Takara, Kyoto, Japan). The amplification profile included 98°C for 2 min followed by 30 cycles of 98°C for 15 s, 55°C for 5--15 s, and 72°C for 30 s. The primer sets used are shown in [Supplemental Table S1](#SM1){ref-type="supplementary-material"}. Each PCR-amplified product of SLC7A1 was purified by using a FastGene Gel/PCR Extraction Kit (Nippon Genetics, Tokyo, Japan) and cloned into a pEGFP-N1 vector that encodes enhanced green fluorescent protein (EGFP) ([@B42]) using an In-Fusion HD Cloning Kit (Takara). The mouse, rat, and Chinese hamster SLC7A1s were digested from their respective expression plasmids SLC7A1/pTarkeT ([@B43]) and ligated into pEGFP-N1. All DNA sequences of the constructed expression plasmids were confirmed by sequencing using the BigDye Terminator v.3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and analyzed using Genetyx v.10 software (Genetyx, Tokyo, Japan) and compared with GenBank (National Center for Biotechnology Information, Bethesda, MD, USA; *<https://www.ncbi.nlm.nih.gov/genbank/>*).

Western blotting {#s4}
----------------

Cell lysates of HeLa, 293T, CC81, CKT1, KU1, FLK-BLV, PK15, and CHO-K1 cultures were extracted on ice for 1 h with lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS (MilliporeSigma), 1% sodium deoxycholate (MilliporeSigma), and 1% protease inhibitor (MilliporeSigma). The protein concentrations of the lysates were then quantified using a Bicinchoninic Acid Protein Kit (Thermo Fisher Scientific). Aliquots containing 12 µg of total cellular lysates for each sample were denatured at 100°C for 5 min and separated using 8% SDS PAGE. Samples were transferred to a membrane, blocked with 5% skim milk in PBS with Tween 20 (PBS-T) buffer, and then incubated with a rabbit anti-CAT1 antibody (Abcam, Cambridge, MA, USA). After labeling with the primary antibody, the blots were incubated with a secondary horseradish peroxidase--conjugated goat anti-rabbit IgG (GE Healthcare, Waukesha, WI, USA).

Syncytium formation assay {#s5}
-------------------------

Cells used for syncytium formation assays were prepared as follows: *1*) CHO-K1 cells (5 × 10^4^) were transfected with bCAT1/pEGFP-N1, human CAT1/pEGFP-N1, primate CAT1/pEGFP-N1, ovine CAT1/pEGFP-N1, porcine CAT1/pEGFP-N1, feline CAT1/pEGFP-N1, mouse CAT1/pEGFP-N1, rat CAT1/pEGFP-N1, or Chinese hamster CAT1/pEGFP-N1 and then culture supernatants of FLK-BLV cells; *2*) the CHO-K1 cells (5 × 10^4^) were cotransfected with infectious molecular clone pBLV-IF2 ([@B17], [@B44]) and bCAT1/pEGFP-N1--expression plasmid; *3*) FLK-BLV cells and PK15/pBLV-IF2 cells were transfected with bCAT1/pEGFP-N1--expression plasmid; and *4*) FLK-BLV cells and PK15/pBLV-IF2 cells were transfected with ovine CAT1/pEGFP-N1 and porcine CAT1/pEGFP-N1 expression plasmid, respectively. After 48 h of incubation post-transfection, all cells were washed with PBS and fixed with PBS containing 3.7% formaldehyde and 10 µg/ml Hoechst 33342 (MilliporeSigma). The fixed cells were observed for fluorescent-positive syncytia using an EVOS FL Auto 2 Cell Imaging System (Thermo Fisher Scientific).

CC81-GREMG cells ([@B45], [@B46]) were transfected with anti-CAT1/SLC7A1 siRNAs and then cocultured with the culture supernatant of FLK-BLV cells or FLK-BLV cells. The number of syncytia with EGFP expression was counted as previously described.

Immunofluorescence assay {#s6}
------------------------

Cells were seeded onto cover glasses in 12-well plates used for immunofluorescence assays and were prepared as follows: *1*) the bCAT1/pEGFP-N1--transfected CHO-K1 cells (5 × 10^4^) were cotransfected with pBLV-IF2 or were added the supernatant of FLK-BLV, or FLK-BLV cells; *2*) FLK-BLV and PK15/pBLV-IF2 cells (5 × 10^4^) were transfected with 2 µg of bCAT1/pEGFP-N1--expression plasmid; and *3*) CHO-K1 cells (5 × 10^4^) were transfected with 2 µg of each CAT1--expression plasmid and were then added the supernatant of FLK-BLV cells. After 48-h transfection, the cover glasses were removed for immunofluorescence staining. The staining included the following steps: the cells were fixed with 4% paraformaldehyde, treated by 0.1% Triton X-100, and blocked with 5% skim milk. For Env protein detection, the cells were incubated with a primary anti-Env mAb (BLV-1; Veterinary Medical Research & Development, Pullman, WA, USA) followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (Thermo Fisher Scientific). Nuclei were stained with Hoechst 33342 in the dark. The mean fluorescence intensities of Alexa Fluor 594 and EGFP in the cells were visualized and analyzed along the line using an FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan).

Analysis of CAT1/SLC7A1 and BLV particle binding {#s7}
------------------------------------------------

BLV particles were purified from the culture supernatant of FLK-BLV cells using ultracentrifugation and were resuspended in F-12 medium containing 4 µg/ml of polybrene solution (MilliporeSigma). CHO-K1 cells were seeded 2 × 10^5^ cells per well into a 6-well plate 1 d prior to use and then transfected with 4 µg of bCAT1/pEGFP-N1--expression plasmid. At 48 h post-transfection, the cells were incubated with 200-µl aliquots of the BLV particles at 4°C. After washing 5 times with ice-cold fresh culture medium to remove unbound virus particles, the cells were treated with 2 mM EDTA-PBS and harvested using 1 ml 0.5% FBS in PBS. To determine the binding of CHO-K1/CAT1 with BLV Env, harvested cells were incubated on ice with an anti-Env mAb (BLV-1) for 1 or 2 h and then subsequently incubated for 30 min on ice with an allophycocyanin (APC)-conjugated rat anti-mouse IgG (BD Biosciences, San Jose, CA, USA). Stained cells were analyzed using a BD Accuri C6 Plus with a sampler flow cytometer (BD Biosciences). The data were analyzed using FlowJo Single-Cell Analysis Software v.10 (BD Biosciences). As a negative control, bCAT1/pEGFP-N1--transfected cells were incubated with secondary antibody only.

Neutralization assay {#s8}
--------------------

BLV serum was collected from BLV-infected cattle with lymphoma, and control serum was isolated from BLV-negative healthy cattle. The serums were 10- and 50-fold diluted with fresh culture medium. CC81-GREMG cells (2 × 10^5^) were incubated with BLV particles in the absence or presence of the serum for 2 h at 4°C. BLV particle-bound cells were detected as previously described.

CAT1/SLC7A1 knockdown assay {#s9}
---------------------------

Silencer select siRNAs (Thermo Fisher Scientific) targeting the CAT1/SLC7A1 gene were designed by GeneAssist Custom siRNA Builder (Thermo Fisher Scientific) and synthesized. Silencer select siRNA Negative Control Med GC (Thermo Fisher Scientific) was used as a negative control siRNA. A mixture of siRNAs was transfected into CC81-GREMG cells to knock down CAT1/SLC7A1 expression. After 48 h transfection, the CC81-GREMG cells were cocultured with BLV particles, and binding between CAT1 and BLV Env was assayed as described above. The transfected CC81-GREMG cells were treated with 2 mM EDTA-PBS and harvested for Western blot analysis to quantify CAT1/SLC7A1 levels using an anti-CAT1 antibody.

RESULTS {#s10}
=======

Detection of CAT1 protein in various cells from multiple animal species and its correlation with susceptibility to BLV infection {#s11}
--------------------------------------------------------------------------------------------------------------------------------

To verify whether CAT1 is responsible for the broad host range of BLV *in vitro*, CAT1 expression in 8 cell lines derived from 6 animal species was first measured using Western blot analysis with an anti-CAT1 antibody. As shown in [**Fig. 1**](#F1){ref-type="fig"}, the human cervical HeLa cells, human embryonic kidney 293T cells, feline CC81 cells, calf kidney CKT1 cells, bovine lymphoid KU1 cells, FLK-BLV cells, and porcine kidney PK15 cells each expressed CAT1. The Chinese hamster ovary CHO-K1 cells were the only cell line that did not express detectable levels of CAT1 protein.

![Detection of CAT1 expression in 8 different species-based cell lines and its correlation with susceptibility to infection by BLV. Cell lysates were subjected to Western blot analysis using anti-CAT1 and anti--β-actin antibodies to detect CAT1 expression in each cell line (upper panel). The cell lines were infected by coculturing with BLV-infected cells or by transfection of the infectious molecular clone pBLV-IF2 (lower). The results of syncytium formation for each cell line following BLV infection are shown as positive (+), negative (−), and not tested (NT).](fj.201901528Rf1){#F1}

Because BLV-infected cells fuse with neighboring cells, thereby forming syncytia in culture, BLV infection is typically monitored *in vitro* using syncytium formation. To evaluate a correlation between CAT1 expression and susceptibility to BLV infection, we inoculated each cell line with BLV by coculturing them with BLV-infected cells or by transfection with the infectious molecular clone pBLV-IF2 ([Fig. 1](#F1){ref-type="fig"}). Inoculation with BLV induced syncytia in HeLa, 293T, and CC81 cells, which expressed CAT1 at high levels, but not in PK15 cells, which expressed CAT1 at low levels. No syncytia were detected in FLK-BLV cells because CAT1 was already occupied by the BLV Env protein. In contrast, CHO-K1 cells, which did not express detectable levels of CAT1, failed to form syncytia upon inoculation with BLV. These results indicated that CAT1 expression correlated with cellular susceptibility to BLV infection.

CAT1/SLC7A1 expression induced BLV infection {#s12}
--------------------------------------------

To investigate the role of CAT1 as a receptor for BLV, we constructed an EGFP-tagged bCAT1 expression plasmid (bCAT1/pEGFP-N1), and CAT1 expression was visualized. A single band of endogenous CAT1 with the expected molecular size of 68 kDa was detected in positive control CC81 cells using an anti-CAT1 antibody, but no specific bands were detected in nontransfected or pEGFP-N1--transfected CHO-K1 cells. In bCAT1/pEGFP-N1--transfected CHO-K1 cells, a protein band of the expected molecular size of 95.5 kDa was believed to be a glycosylated EGFP-tagged bCAT1 protein with several additional bands of lower molecular sizes also detected by Western blotting using an anti-CAT1 antibody ([**Fig. 2*A***](#F2){ref-type="fig"}, upper panel) and anti-EGFP antibody ([Fig. 2*A*](#F2){ref-type="fig"}, middle panel). The lower molecular size bands were thought to be glycosylated variants.

![CAT1/SLC7A1 protein acted as a cellular receptor and was required for BLV infection. *A*) Confirmation of the absence of endogenous CAT1 expression in CHO-K1 cells. CHO-K1 cells were transfected with and without bCAT1/pEGFP-N1 or with pEGFP-N1 as a negative control. The cell lysates were prepared 48 h post-transfection and then subjected to Western blot analysis using anti-CAT1 (upper panel), anti-EGFP (middle panel), and anti--β-actin (lower panel) antibodies. CC81 cell lysates were used as a positive control. The positions and MW of CAT1-EGFP, CAT1, EGFP, and actin are indicated. *B*) bCAT1/SLC7A1 expression associated with BLV cell-free and cell-to-cell infection. CHO-K1 cells were transfected with bCAT1/pEGFP-N1 expression plasmid with or without the BLV infectious molecular clone pBLV-IF2 or cocultured with supernatants from FLK-BLV cells or FLK-BLV cells at 4 h post-transfection. CHO-K1 cells were transfected with bCAT1/pEGFP-N1 or with pEGFP-N1 as a negative control. After 48 h incubation, the cells were fixed with 3.7% formaldehyde and stained with 10 µg/ml Hoechst 33342. EGFP-expressing syncytia were evaluated and quantitated using EVOS2 fluorescence microscopy. *C*) Detection of CAT1 and viral protein Env in syncytium. The transfected CHO-K1 cells were labeled with an anti-gp51 mAb (BLV-1) followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (red). Nuclei were stained with Hoechst 33342 (blue). CAT1-EGFP was visualized to determine CAT1 expression (green) in the cells.](fj.201901528Rf2){#F2}

To evaluate whether overexpression of exogenous CAT1 would induce syncytia upon BLV infection in CHO-K1 cells, which do not normally express detectable levels of CAT1 and are resistant to BLV infection, bCAT1/pEGFP-N1 cells were transiently cotransfected with pBLV-IF2 into CHO-K1 cells. Interestingly, multinucleated syncytia expressing EGFP were detected in the cotransfected CHO-K1 cells despite the fact that syncytia without EGFP expression were not observed ([Fig. 2*B*](#F2){ref-type="fig"}, lower panel). In contrast, CHO-K1 cells exhibited EGFP expression with no syncytia formation when transfected with bCAT1/pEGFP-N1 alone or with negative control vector pEGFP-N1. Furthermore, BLV infection *via* cell-to-cell transmission using FLK-BLV cells or cell-free transmission using culture supernatants derived from FLK-BLV cells resulted in remarkable syncytia that expressed EGFP in bCAT1/pEGFP-N1--transfected CHO-K1 cells. In contrast, there was no syncytia formation when CHO-K1 cells not expressing CAT1 were infected with BLV either by cell-to-cell infection or cell-free infection or transfected with pBLV-IF2 ([Fig. 2*B*](#F2){ref-type="fig"}, upper panel). To further confirm whether the syncytium was induced by viral infection, the viral protein Env gp51 and CAT1-EGFP were visualized using a confocal laser scanning microscope. Cells were labeled with an anti--BLV Env antibody followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (red fluorescence) to detect cells expressing Env and staining with Hoechst 33342 (blue fluorescence) for detection of the nucleus. EGFP-linked CAT1 was detected by green fluorescence. The results showed that the Env gp51 was detected in syncytia expressing EGFP when CAT1-transfected CHO-K1 cells were cotransfected with infectious molecular clone pBLV-IF2 or culture supernatant of FLK-BLV cells or FLK-BLV cells were added ([Fig. 2*C*](#F2){ref-type="fig"}). These results clearly indicated that bCAT1 expression in resistant CHO-K1 cells conferred susceptibility to BLV infection.

CAT1/SLC7A1 bound to BLV particles on the cell surface {#s13}
------------------------------------------------------

BLV binds to cellular receptors on target cells, its membrane fusion is activated, and the virus enters the host cells. To further determine whether CAT1 acted as a cell surface receptor for BLV infection, we verified that BLV particles bound to CAT1 using flow cytometry ([**Fig. 3**](#F3){ref-type="fig"}). CHO-K1 cells were transfected with bCAT1/pEGFP-N1 and incubated for 1 or 2 h at 4°C with BLV particles purified from the culture supernatant of FLK-BLV cells. The cells were then washed and labeled with an anti-gp51 mAb (BLV-1) followed by an APC-conjugated anti-mouse IgG to detect the BLV particles adsorbed to the cell membrane of CHO-K1 cells. BLV-binding and EGFP-tagged CAT1 expression were analyzed using flow cytometry. The proportions of APC-EGFP double-positive cells were markedly increased in bCAT1/pEGFP-N1--transfected cells (18.7 and 23.7% at 1 and 2 h postincubation, respectively) compared with those of control CHO-K1 cells (0.04 and 0.24% in mock-transfected cells at 1 and 2 h postincubation, respectively). These results demonstrated that BLV particles bound to CAT1 at the cellular membrane of cells expressing bCAT1 but not to cells that did not express CAT1. These findings strongly suggest that CAT1 functioned as a BLV attachment receptor.

![The binding ability of bCAT1/SLC7A1 with BLV particles based on flow cytometry analysis. CHO-K1 cells were transfected with or without bCAT1/pEGFP-N1. After 48 h cultivation, the cells were incubated with BLV particles purified from the culture supernatant of FLK-BLV cells for 1 h (*A*) or 2 h (*B*) at 4°C and then labeled using anti-gp51 mAb (BLV-1) followed by incubation with APC-conjugated anti-mouse IgG. After staining, cells were analyzed using a BD Accuri C6 Plus flow cytometer. Each profile was separated into 4 quadrants, which signified single-positive staining (red for BLV or green for CAT1-EGFP), double-negative staining, or double-positive staining. *C*) The binding ability of CAT1/SLC7A1 and BLV particles significantly decreased by adding BLV serum. CC81-GREMG cells were added either with or without BLV serum (red) or control serum (blue) (1:10 and 1:50 dilution) and BLV particles that purified from the culture supernatant of FLK-BLV cells to bind for 2 h at 4°C. The cells were washed and then labeled using anti-gp51 antibody followed by incubation with APC-conjugated anti-mouse IgG. After staining, cells were analyzed using a BD Accuri C6 Plus flow cytometer. Staining cells expressed as histograms in profile. The dotted line indicated the CC81-GREMG cells only as negative control. The gray solid curve indicated cells were added BLV particles only as positive control. The percentage of BLV particles binding cells expressed as a graph (lower column). Each column and error bar represents the means + [sd]{.smallcaps} of results from triplicate experiments. \*\**P* = 0.01, \*\*\**P* = 0.001 (Student's *t* test).](fj.201901528Rf3){#F3}

In addition, we used bovine serum (BLV serum) with neutralizing activity from BLV-infected cattle ([@B45]) to examine whether the BLV serum affects the binding of CAT1-expressing CC81-GREMG cells and BLV particles. This BLV serum has been reported to inhibit syncytium formation when CC81-GREMG cells cocultured with FLK-BLV cells ([@B45]). CC81-GREMG cells were treated with purified BLV particles in the absence or presence of the serum for 2 h at 4°C. As shown in [Fig. 3*C*](#F3){ref-type="fig"}, 60% of CC81-GREMG cells bound with BLV particles as positive control in the absence of serum (gray). When CC81-GREMG cells were treated with BLV particles in the presence of control serum (1:10 and 1:50 dilution), 57 and 49% of cells bound with BLV particles, respectively (blue). In contrast, when the cells were incubated with BLV particles in the presence of the BLV serum, proportion of BLV-bound cells was significantly reduced to about 5.8% (red). The results showed that the neutralizing serum inhibits the interaction between host cells and BLV particles.

CAT1/SLC7A1 colocalized with BLV Env in endomembrane compartments and at the cell membrane {#s14}
------------------------------------------------------------------------------------------

To further confirm the binding between BLV particles and CAT1 described above, we visualized the subcellular localization of CAT1 and Env in bCAT1/pEGFP-N1--transfected FLK-BLV cells and bCAT1/pEGFP-N1--transfected PK15/pBLV-IF2 cells using confocal laser scanning microscopy. Cells were labeled with an anti--BLV Env (red fluorescence) to detect cells expressing Env and stained with Hoechst 33342 (blue fluorescence) for detection of the nucleus. EGFP-linked CAT1 was detected by green fluorescence. The intensity differences of the 2 signals in FLK-BLV cells and PK15/pBLV-IF2 cells were analyzed, and the results were depicted as a line scan ([**Fig. 4**](#F4){ref-type="fig"}). In FLK-BLV cells that expressed EGFP-tagged bCAT1, the signal location of CAT1 (green) and Env (red) mainly coexisted in endomembrane compartments (between arrows 3 and 4 of [Fig. 4*A*](#F4){ref-type="fig"}) and to a slight extent at the cell membrane (between arrows 1 and 2 of [Fig. 4*A*](#F4){ref-type="fig"}). As shown in [Fig. 4*B*](#F4){ref-type="fig"}, the dual labeling of CAT1 (green) and Env (red) was detected in endomembrane compartments (between arrows 2 and 3) and at the cell membrane (between arrows 1 and 2, and 4 and 5) in PK15/pBLV-IF2 cells that exogenously expressed bCAT1. The results showed that CAT1/SLC7A1 and Env markedly colocalized in endomembrane compartments and at the cell membrane. Taken together, these findings demonstrated a specific binding between bCAT1 and Env.

![Colocalization of CAT1/SLC7A1 and BLV Env protein in endomembrane compartments and at the cell membrane. bCAT1/SLC7A1 expression plasmid bCAT1/pEGFP-N1 was transfected into both FLK-BLV cells (*A*) and PK15/pBLV-IF2, which was stably transfected pBLV-IF2 (*B*); the transfected cells were grown on cover glasses and labeled with an anti-gp51 mAb (BLV-1) followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (red). Nuclei were stained with Hoechst 33342 (blue). CAT1-EGFP was visualized to determine CAT1 expression (green) in the cells. The cells were evaluated, and the mean fluorescence intensities were visualized and analyzed along the line using an Olympus FV1000 laser-scanning confocal fluorescence microscope. White arrows and numbers indicate that positions of endomembrane compartments and the cell membrane.](fj.201901528Rf4){#F4}

CAT1/SLC7A1 knockdown reduced BLV infection and the binding between CAT1/SLC7A1 and BLV Env on the cell surface {#s15}
---------------------------------------------------------------------------------------------------------------

To further confirm whether CAT1 acted as a cellular surface receptor for BLV infection, the impact of CAT1 knockdown on BLV infection was analyzed. To visualize the BLV infection, we used CC81-GREMG cells. The CC81-GREMG cell is a CC81-derived reporter cell line harboring pBLU3GREM-EGFP, which contains a mutant form of the glucocorticoid response element in the U3 region of the BLV long-terminal repeat ([@B45], [@B46]) that specifically responds to BLV Tax expression. Knockdown with 2 siRNAs that target different regions of the CAT1 mRNA was confirmed by Western blot analysis 48 h posttreatment using an anti-CAT1 antibody ([**Fig. 5*A***](#F5){ref-type="fig"}). CC81-GREMG cells in which CAT1 expression had been suppressed were inoculated with BLV using either cell-free culture supernatants derived from FLK-BLV cells ([Fig. 5*B*](#F5){ref-type="fig"}, upper panel) or cell-to-cell infection using FLK-BLV cells ([Fig. 5*B*](#F5){ref-type="fig"}, lower panel). The number of syncytia was significantly decreased in the CC81-GREMG cells treated with either CAT1-specific siRNA1 or siRNA2 compared with that in the negative control siRNA-transfected cells or in untreated cells. These results showed that knockdown of CAT1 inhibited cell-free and cell-to-cell BLV infections.

![CAT1/SLC7A1 knockdown reduced BLV infection. *A*) CAT1/SLC7AI knockdown in CC81-GREMG cells. CC81-GREMG cells were transfected with 2 CAT1-specific siRNAs targeting different regions of CAT1/SLC7A1 or with nonspecific siRNA as a negative control (NC). The cell extracts were prepared at 48 h post-transfection and then subjected to Western blot analysis using anti-CAT1 (upper panel) and anti--β-actin antibodies (lower panel). *B*) CAT1/SLC7A1 knockdown suppressed cell-free and cell-to-cell BLV infection. The siRNA-transfected CC81-GREMG cells were washed and then cocultured either with culture supernatant of FLK-BLV cells (upper) or FLK-BLV cells (lower) for 48 h and EGFP-expressing syncytia were detected using EVOS2 fluorescence microscopy. Each column and error bar represents the mean + [sd]{.smallcaps} of results from triplicate experiments. *C*) Env binding decreased in CAT1/SLC7A1 knockdown CC81-GREMG cells. CC81-GREMG cells were transfected with siRNA for 48 h. The transfected cells were harvested, and CAT1 expression levels were analyzed by Western blot using an anti-CAT1 antibody. Actin was used as a loading control. CAT1 knockdown CC81-GREMG cells were added to BLV particles enriched from the culture supernatant of FLK-BLV cells and allowed to bind for 2 h at 4°C. BLV Env binding cells were detected using anti-gp51 mAb (BLV-1) followed by incubation with APC-conjugated anti-mouse IgG. After staining, the cells were analyzed using a BD Accuri C6 Plus flow cytometer (lower panel). Each column and error bar represents the mean + [sd]{.smallcaps} of results from triplicate experiments. \**P* = 0.05, \*\**P* = 0.01, \*\*\**P* = 0.001 (Student's *t* test).](fj.201901528Rf5){#F5}

Binding of BLV particles to the CC81-GREMG cells in which CAT1 expression had been knocked down was analyzed using the same approach as that described for [Fig. 3](#F3){ref-type="fig"}. When CAT1 expression was reduced in CC81-GREMG cells by siRNA2 treatment compared with that in the negative control siRNA-transfected cells ([Fig. 5*C*](#F5){ref-type="fig"}, upper panel), the number of Env-binding cells was significantly decreased ([Fig. 5*C*](#F5){ref-type="fig"}, lower column), indicating that the siRNA-mediated CAT1 knockdown attenuated the binding of BLV particles to target cells.

Taken together, these results indicated that CAT1 was required for BLV binding and infection. This supports the conclusion that CAT1 acted as a cell surface receptor for BLV infection.

Species specificity of CAT1/SLC7A1 in susceptibility to BLV infection {#s16}
---------------------------------------------------------------------

To analyze species-specific susceptibility of CAT1 for BLV infection, cDNAs of CAT1 were generated from cell lines from 8 different animal species. The cell lines included mouse NIH 3T3 cells, rat F10 cells, Chinese hamster THK cells, cat CC81 cells, sheep FLK-BLV cells, pig PK15 cells, monkey COS1 cells, and human HeLa cells. EGFP-tagged CAT1-expression plasmids were constructed, and CHO-K1 cells were transfected with the plasmids. The CHO-K1--transfected cells were inoculated with culture supernatants derived from FLV-BLV cells. As shown in [**Fig. 6*A***](#F6){ref-type="fig"}, all CAT1 proteins induced syncytia upon BLV infection. For evidencing of these syncytia induced by viral infection, the subcellular localization of CAT1 and Env were also visualized using confocal laser scanning microscopy. Cells were labeled with an anti--BLV Env antibody followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (red fluorescence) to detect cells expressing Env and staining with Hoechst 33342 (blue fluorescence) for detection of the nucleus. EGFP-linked CAT1 was detected by green fluorescence. As shown in [Fig. 6*B*](#F6){ref-type="fig"}, the Env gp51 was detected in syncytia expressing EGFP when CHO-K1 cells were transfected with each CAT1-expression plasmid. These results suggested that CAT1 did not demonstrate any species specificity for BLV infection. This was consistent with previous reports showing that BLV is able to infect cells isolated from various species *in vitro* and propagate in various animal species *in vivo.*

###### 

CAT1/SLC7A1 did not have species specificity with all demonstrating susceptibility to BLV infection. *A*) CAT1/SLC7A1s from 9 different animal species did not have species specificity for BLV infection. The pEGFP-N1--expression plasmids encoding different CAT1/SLC7A1 proteins were derived using various animal species, including cattle (bovine), sheep (ovine), human, monkey (primate), pig (porcine), cat (feline), rat, mouse, and Chinese hamster. The plasmids were constructed and transfected into CHO-K1 cells. After 4 h transfection, the cells were added to culture supernatants of FLK-BLV cells and cultured for 48 h. The cells were then fixed with 3.7% formaldehyde and stained with 10 µg/ml Hoechst 33342. EGFP-expressing syncytia were detected using EVOS2 fluorescence microscopy. *B*) Detection of CAT1 and viral protein Env in syncytium. After 48 h incubation with the supernatant of FLK-BLV cells, the transfected CHO-K1 cells were labeled with an anti-gp51 mAb (BLV-1) followed by incubation with Alexa Fluor 594 goat anti-mouse IgG (red). Nuclei were stained with Hoechst 33342 (blue). CAT1-EGFP was visualized to determine CAT1 expression (green) in the cells. *C*) Ovine, porcine, and bCAT1/SLC7A1 proteins formed syncytia in both FLK-BLV and PK15/pBLV-IF2 cells following BLV infection. The FLK-BLV cells and PK15/pBLV-IF2 cells that stably transfected pBLV-IF2 were transfected with either ovine CAT1/pEGFP-N1, porcine CAT1/pEGFP-N1, bCAT1/pEGFP-N1, or pEGFP-N1 and incubated for 48 h. The cells were then fixed with 3.7% formaldehyde and stained using 10 µg/ml Hoechst 33342. EGFP-expressing syncytia were detected using EVOS2 fluorescence microscopy.
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To further confirm that CAT1 exhibited no species specificity for BLV infection, the ovine CAT1/pEGFP-N1 that encoded EGFP-tagged sheep CAT1 and the porcine CAT1/pEGFP-N1 that encoded EGFP-tagged pig CAT1 were transfected into FLK-BLV and PK15/pBLV-IF2 cells. Because these cells expressed BLV, it is likely that the CAT1 protein was occupied by Env protein and thereby *de novo* BLV infection did not occur. However, other mechanisms may have inhibited BLV infection. For example, host defense factors that restrict BLV infection may have been induced in the cells. As shown in [Fig. 6*C*](#F6){ref-type="fig"}, syncytia containing EGFP fluorescence was observed in both CAT1-overexpressed FLK-BLV cells and CAT1-overexpressed PK15/pBLV-IF2 cells, as well as in cells transfected with bCAT1/pEGFP-N1. In contrast, syncytia formation was not detected in the pEGFP-N1--transfected FLK-BLV cells or pEGFP-N1--transfected PK15/pBLV-IF2 cells. Overexpression of CAT1 resulted in unoccupied receptor protein, resulting in the cells becoming susceptible to BLV infection. These cells did not express any inhibitors against BLV infection. These findings strongly suggested that ovine CAT1 and porcine CAT1 proteins allowed BLV infection and served as cellular receptors for BLV infection.

Taken together, these results suggested that the CAT1 proteins do not have species specificity for BLV infection, all roles as a cellular receptor for BLV.

DISCUSSION {#s17}
==========

In the current study, we demonstrated that CAT1 also associated with BLV particles at the cell surface and functioned as a receptor for BLV infection. This is the first report demonstrating the identification of a BLV receptor. The BLVRcp1 cDNA clone corresponding to a bovine BLV receptor gene was previously isolated ([@B47], [@B48]). BLVRcp1 appears to encode a protein that spans the plasma membrane once and has a molecular mass of 94 kDa. This recombinant protein, when expressed in *Escherichia coli*, binds to the BLV Env protein ([@B47], [@B49]), and transfection of the cDNA into mouse NIH 3T3 cells greatly increases their susceptibility to BLV infection ([@B47]). However, the open reading frame of the cDNA of the murine ortholog codes at a site 280 aa upstream of the termination codon of the open reading frame of the bovine ortholog ([@B50]), and the mRNA from bovine cells that hybridizes with BLVRcp1 is longer than the BLVRcp1 clone ([@B47], [@B48]). In addition, mouse BLVR homolog is closely related to the δ subunit of adaptor-related protein complex AP-3 and does not associate with the cell surface ([@B50]). Taken together, these findings suggest that this particular bovine protein is not the BLV receptor. Based on our current study, we clearly demonstrated that the CAT1 protein was the actual BLV receptor. This conclusion is based on the following findings: *1*) CAT1 expression in resistant cells conferred susceptibility to BLV infection, *2*) CAT1 knockdown in susceptible cells reduced BLV infection, and *3*) CAT1 exhibited specific binding to BLV Env and colocalized with BLV Env. Furthermore, GLUT1, NRP-1, and HSPG have been previously determined to be cellular receptors for HTLV-1, a BLV-related virus ([@B27][@B28]--[@B29]). In addition, BLV and HTLV-1 do not exhibit receptor crossinterference, and so it is anticipated that these viruses use distinct receptors ([@B25]). These results also help confirm that CAT1 acted as a receptor for BLV infection.

CAT1 protein is highly regulated through transcription, mRNA stability, translation, and subcellular localization ([@B51]). As expected, CAT1 is expressed in a wide variety of cultured cell lines because it has essential roles in basic cellular functions ([@B51]). Indeed, CAT1 was ubiquitously expressed in cells from a variety of species, and all CAT1s from the examined species were associated with susceptibility to BLV infection. Therefore, the binding domain of CAT1 with BLV Env is predicted to be well-conserved among various species. However, CAT1 has high diversity in the third extracellular loop near the virus-binding motif ([@B38]) for eMuLV infection. Further clarification regarding the precise roles of CAT1 and its regulation in BLV infection will help define the molecular basis of BLV entry. This includes determining the mode of binding for CAT1 with BLV Env. These results may greatly facilitate the development of therapeutic and prophylactic strategies for BLV, which has spread worldwide and is responsible for serious problems in the cattle industry.
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APC

:   allophycocyanin

bCAT1

:   bovine CAT1

BLV

:   bovine leukemia virus

CAT1

:   cationic amino acid transporter 1

EGFP

:   enhanced green fluorescent protein

eMuLV

:   ecotropic murine leukemia virus

Env

:   envelope glycoprotein

FBS

:   fetal bovine serum

FLK-BLV

:   permanently BLV-infected fetal lamb kidney

GLUT1

:   glucose transporter 1

HSPG

:   heparan sulfate proteoglycan

HTLV-1

:   human T-cell leukemia virus type 1

NRP-1

:   neuropilin 1

PK15

:   pig kidney-15

siRNA

:   small interfering RNA

SLC7A1

:   solute carrier family 7 member 1

SU

:   surface glycoprotein
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